By testing with 185 human antisera, we expanded 18 previously discovered C. pneumoniae-specific B-cell epitopes to 48 peptide antigens from 12 C. pneumoniae immunodominant proteins. For specific detection of antibodies against C. pneumoniae, we developed novel ELISAs with strongly reactive individual peptide antigens and mixtures of these peptides. By comparison to a composite reference standard (cRS) for anti-C. pneumoniae antibody status of human sera, the top-performing CpnMixF12 peptide assay showed 91% sensitivity at 95% specificity, significantly higher than 4 commercial anti-C. pneumoniae IgG ELISAs (36-12% sensitivity at 95% specificity). Human C. pneumoniae (cpn) and C. trachomatis (Ctr) seroreactivity was 54% biased towards co-positivity in commercial Cpn and Ctr ELISAs, but unbiased in Cpn and Ctr peptide antibody assays, suggesting severe cross-reactivity of commercial ELISAs. Using hyperimmune mouse sera against each of 11 Chlamydia spp., we confirm that commercial cpn and ctr eLiSA antigens are cross-reactive among all Chlamydia spp., but Cpn and Ctr peptide antigens react only with antisera against the cognate chlamydial species. With simultaneously high specificity and sensitivity, and convenient use for non-specialized laboratories, these ELISAs have the potential to improve serodiagnosis of C. pneumoniae infection.
Results
Reactivities of C. pneumoniae-specific peptide antigens with human serum pools. For identification of C. pneumoniae-specific peptide antigens, a panel of 153 C. pneumoniae peptide antigens with high predicted score for B-cell epitopes [41] [42] [43] was initially tested with 4 human serum sub-pools of 185 donors. With combined signal intensities (average of 4 OD values) with the 4 human serum pools, all 153 C. pneumoniae peptides were initially ranked and a set of 48 top ranked peptides from 12 C. pneumoniae immunodominant proteins was selected for further evaluation (Table 1) . Peptide antigens with the highest-ranked-reactivities were identified from C. pneumoniae IncA/IncCT119, followed by Pmp6G/I, Pmp21D, OmpA/MOMP, YopC/GspD, CT618/ IncCT618, Pmp11G/I, CT529/IncCT529, Pmp2G/I, YwbM/CPn0677, CrpA/CT442, and PdhC (Table 1 and see  Supplementary Table S1 ).
In confirming these 48 Cpn peptide antigens with mouse anti-C. pneumoniae antisera 41, 45 , only a limited set of 14 C. pneumoniae peptides from 5 proteins (IncA, Pmp21D, OmpA, CT618, and CT529; Table 1 ) showed strong reactivities. Overall, the natural human-hosts of C. pneumoniae produced antibody responses against a wide range of proteins as well as multiple protein regions of single proteins (Table 1) , compared to the much more limited response of the non-natural murine-host (Table 1 ). This finding is in agreement with our previous report that human-hosts produce antibody responses against wide-spectrum proteins of C. trachomatis than murine-hosts 45, 46 .
Sequence conservation of the cpn B-cell epitopes within Chlamydia spp. and C. pneumoniae strains. The majority of these 48 peptide antigens, except for CpnOmpA (≤81% sequence identity), are highly divergent from other Chlamydia spp. (≤40% identity, Table 1 ), indicating C. pneumoniae specificity 41, 43 . Importantly, anti-C. trachomatis or C. psittaci antisera did not cross-react with these peptide antigens, with exception of CpnOmpA_309-324 peptide that produced very low cross-reactivities with mouse anti-C. trachomatis and C. psittaci antisera (Table 1) . Additionally, these peptide antigen sequences were highly conserved within 6 strains of C. pneumoniae (94-100% sequence identity among CWL029, TW-183, AR39, J138, B21, and LPCoLN; Table 1 ), with exception of the CpnCrpA (≥71% identity), IncA (≥80%), and OmpA (≥88%). These results indicate that a combination of these Cpn peptide antigens will detect host antibody responses against any of the C. pneumoniae strains. Specificity confirmation of C. pneumoniae peptide mixes. In an approach to simplify serological testing by use of mixed rather than multiple individual peptide antigens, we tested 13 mixes of subsets of the 48 Cpn peptides (5-48 peptides/mix; see Supplementary Fig. S2 ) with pools of anti-Chlamydia mouse sera and confirmed highly specific reactivities (see Supplementary Table S3 ). Out of 13 Cpn peptide mixes, 12 mixes were reactive with mouse anti-C. pneumoniae antisera, and none of them showed cross-reactivity with anti-C. trachomatis and anti-C. psittaci antisera (Table S3 ). Only one mix (CpnMix B10) was completely non-reactive with anti-C. pneumoniae mouse antisera (Table S3) , which was expected given that all of the component Pmp6G/I peptides were not reactive with mouse anti-C. pneumoniae sera ( Table 1) . As expected, the reactivity magnitudes of these Cpn mixes were largely influenced by the number and signal strength of individual component peptide antigens that were reactive with mouse anti-C. pneumoniae sera (Tables 1, S3 ). Overall, the Cpn peptide mixes showed high specificity similar to single peptide antigens, albeit the signal magnitude of mixed peptide assays was lower than that of the strongest component individual peptides, analogous to the earlier reported reactivities of C. trachomatis peptide mixes 47 .
Anti-C. pneumoniae IgG antibodies detected by 29 different assays
To identify anti-C. pneumoniae antibody-positive and -negative sera, a panel of 185 human blood donor sera was tested with C. pneumoniae IgG antibody detection assays of three categories ( Fig. 1, and Average assay sensitivities relative to composite reference standards for human anti-C. pneumoniae igG status. Two composite reference standards (CRS2 and CRS3) derived from the 29 individual assays were used to evaluate assay performances. CRS2 was constructed from the total score in the 29 component assays (Figs 1, S4), resulting in 154 positive and 31 negative sera for anti-C. pneumoniae antibodies (83.2% prevalence). At 98%, 95%, 90%, 85%, and 80% specificity cutoffs, Cpn Mix F12 achieved the highest average sensitivity (74%), followed by Cpn Mix K24 and J20 (73-72% sensitivity; Table 2 ). Compared to the mixed peptide assays, sensitivities with single peptide antigens were lower, with 55-21% average sensitivities for the 8 top-ranked individual peptides ( Table 2 ). Combining the results of the 8 peptides substantially improved assay performance to an average of 72% sensitivity at the same 98-80% specificity cutoffs (Table 2) . Thus, the commercial ELISAs achieved lower sensitivity (56-68% sensitivity; Table 2 ) than top-performing Cpn Mixes (F12, K24, or J20) or the combined 8 individual peptide antigens.
In CRS2 evaluation, the performance of peptide assays for anti-C. pneumoniae antibodies was lower than those of the previously reported C. trachomatis peptide antigen assays 46 . This discrepancy may be due to poorly defined antibody positivity in CRS2 that has a high 83.2% prevalence of anti-C. pneumoniae IgG (Figs 1, S4 ). In the commercial ELISAs, we determined in average a 51.4% anti-C. pneumoniae IgG prevalence. This translates into 95 positives out of 185 sera. To improve the quality of the reference standard CRS2, we constructed CRS3 from the 95 strongest reactive sera (positive) and the same set of 31 weakest reactive (negative) sera, but excluded ambiguous 59 weakly reactive sera (borderline) that were included in CRS2 (Figs 1, S4 ). Comparison of average sensitivities demonstrated that relative to CRS3 all assays performed substantially better than to CRS2 ( Table 2 ). This suggests that CRS3 evaluation may represent a realistic epidemiological situation in which individuals with high anti-C. pneumoniae antibody levels are contrasted with individuals with baseline serum reactivity (antibody-negative).
Distribution of anti-C. trachomatis antibodies in anti-C. pneumoniae antibody-positive and -negative sera. Cross-reactivity for detection of Chlamydia species-specific antibodies has been widely reported in serological assays with classical chlamydial antigens (such as EB, EB lysate, OMC, or OmpA, OmcB/ chlamydial sequence of peptide antigens is shown, without N-terminal biotin and serine-glycine-serine-glycine (SGSG) spacer that is attached to each peptide. e Average peptide antigen reactivity in relative light units (RLU) in chemiluminescent ELISA by use of 4 sub-pooled human sera of 185 blood donors is shown. f Peptide antigen reactivity with hyperimmune mouse sera pooled from 16-50 mice is shown. Cpn indicates C. pneumoniaespecific pooled sera that were raised in mice by 3 × intranasal inoculation of live C. pneumoniae CWL029 bacteria as previously described 41, 45 . Ctr indicates C. trachomatis D/UW-3/CX; and Cps, C. psittaci 02DC15. g 'No' indicates that the peptide antigen is recognized by both human and mouse pooled sera. Yes, indicates that the antigen is recognized by human sera, but not or only minimally recognized by mouse antisera. h Cpn indicates range of sequence conservation within 6 strains of C. pneumoniae (CWL029, TW-183, AR39, J138, B21, and LPCoLN). Ctr indicates sequence conservation between C. pneumoniae CWL029 and C. trachomatis D/UW-3/CX, and Chl for sequence conservation between C. pneumoniae CWL029 and each of the remaining 9 Chlamydia spp. Sequence identities of 45%, 60%, 75%, and 90% translate into peptide cross-reactivity probabilities of 0.02, 0.12, 0.46, and 0.84, respectively 41 . Sequences with identities below 40% typically cannot be aligned correctly and the probability of peptide cross-reactivity is less than 1% 41 www.nature.com/scientificreports www.nature.com/scientificreports/ Omp2 recombinant proteins) that are used in commercial ELISAs or in the gold standard microimmunofluorescence (MIF) tests [19] [20] [21] [22] [23] [24] [25] [26] [27] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . To determine potential cross-reactivities of Cpn and Ctr antigens, we analyzed the distribution of anti-C. trachomatis and anti-C. pneumoniae antibody positivity in the 185 human sera for peptide assays and commercial ELISAs ( Fig. 2 , and see Supplementary Fig. S5 ). Instead of using a single assay for each test category, we constructed a consensus for anti-C. trachomatis and anti-C. pneumoniae antibody status of 4-6 assays each in the two categories of mixed peptide assays and commercial ELISAs (Figs 2, S5 ). An assays category-dependent distribution bias of anti-C. trachomatis antibodies among Cpn-positive and -negative sera would identify and quantify potential Ctr-Cpn cross-reactivity.
With Ctr and Cpn mixed peptide assays, Ctr-positive reactivities were 16% lower in Cpn antibody-positive sera than in -negative sera (P = 0.187, two-tailed Fisher Exact test; Table 3 ). With commercial Ctr and Cpn ELISAs, Ctr seroreactivity was 54% higher in Cpn-positive than in Cpn-negative sera in Cpn commercial ELISAs (P = 0.005; Table 3 ). Thus, compared to the mixed peptide assays, commercial ELISAs showed 70% (16% + 54%) increased anti-C. trachomatis antibody-positivity in anti-C. pneumoniae antibody-positive over -negative sera ( Table 3 ). This indicates a profound specificity (cross-reactivity) problem of commercial Cpn and Ctr ELISAs, but not of mixed peptide assays. In comparison to seroreactivity against any Chlamydia spp. (determined by a Chlamydia LPS ELISA; Figs 2, S5, and see Supplementary Table S6 ), the Cpn commercial ELISAs showed 47% (42% + 5%) excess positive reactivity over the Cpn mixed peptide assays in anti-chlamydial LPS antibody-positive over -negative sera (P = 0.005). Thus, differentiation of human anti-C. pneumoniae from anti-C. trachomatis or anti-Chlamydia spp. antibodies is severely compromised by cross-reactivity of commercial ELISAs, but high specificity is achieved by Cpn and Ctr mixed peptide assays.
cross-reactivities of cpn and ctr commercial eLiSAs. To further evaluate cross-reactivities of Cpn
and Ctr commercial ELISA antigens, a panel of Chlamydia species-specific pooled and individual mouse antisera were tested with two Cpn and two Ctr commercial ELISAs in which the anti-human IgG conjugate was substituted by an anti-mouse IgG conjugate (Fig. 3 ). The Savyon (Cpn EB) and Serion (Cpn OMC) ELISA antigens showed very high cross-reactivities with mouse pooled sera raised against each of the 11 Chlamydia spp. (Fig. 3 ). Additional testing of these Cpn ELISAs with individual anti-C. psittaci and anti-C. trachomatis sera showed high cross-reactivity, with ~25-fold higher OD over reactivities with naïve mouse sera ( Fig. 3) . These results conclusively confirm very high cross-reactivity of Cpn commercial ELISA antigens (Savyon and Serion).
In evaluation of potential cross-reactivity of two Ctr commercial ELISAs, the GenWay (Ctr EB) antigen also showed very high cross-reactivities with 15 anti-C. pneumoniae and 8 anti-C. psittaci individual sera, similar to the Cpn EB antigen-based Savyon ELISA ( Fig. 3 ). However, the Serion Ctr-specific OmpA fragment antigen did not show cross-reactivity, indicating that this C. trachomatis-specific antigen captured only anti-C. trachomatis antibodies.
High specificity of Cpn and Ctr peptide antigens. To evaluate potential cross-reactivities of Cpn and
Ctr peptide antigens with the panel of individual mouse sera raised against C. pneumoniae and C. trachomatis, we similarly tested with Cpn and Ctr peptide antigens (see Supplementary Fig. S7 ). Cpn peptide assays showed strong reactivity with all 15 mouse sera raised against C. pneumoniae and did not cross-react with any of the 15 mouse sera raised against anti-C. trachomatis (Fig. S7) . Additionally, C. trachomatis-specific peptide mixture (CtrMix1) reacted with anti-C. trachomatis sera but did not react with any of the 15 mouse anti-C. pneumoniae sera (Fig. S7 ). Taken together, these results confirm highly specific reactivity of Cpn or Ctr peptide antigens when they are tested either as single antigens or as mixture of multiple peptide antigens.
Assay sensitivities for detection of anti-C. pneumoniae igG in comparison to a peptide antigen-based standard. Given the high cross-reactivities of commercial Cpn ELISAs ( Fig. 3 and Table 3 ), inclusion of these assays in a combined reference standards, such as in CRS2 and CRS3 is inadvisable. To obtain a more reliable standard, CRS4 was derived only from the 13 mixed and 12 individual peptide assays, without the 4 commercial ELISAs (Figs 1, S4) . A total of 95 sera with the highest sum score in these 25 peptide assays was considered positive and 40 sera with the lowest score were considered negative (135 sera in total), and the remaining 50 weakly positive borderline sera were excluded.
Using CRS4 for anti-C. pneumoniae IgG status (see Supplementary Table S8 ), we evaluated assay sensitivities at 98%, 95%, 90%, 85%, and 80% specificity cutoffs. At 80% specificity cutoff, the top performing mixed peptide assay with Cpn Mix F12 (Table S3 ) achieved 96% sensitivity, but even at high stringency 98% specificity still of the assay categories. Cutoff-independently, the 95 top-ranked reactive sera were specified as positive for anti-C. pneumoniae antibodies, matching the mean 51.4% anti-C. pneumoniae IgG antibody prevalence in the study population determined by 4 commercial ELISAs. Using a 80.5% specificity cutoff based on CRS1, quantitative reactivity scores for assay categories C5-C7 were determined. These scores were derived from the sum of quartile positive reactivities of all component assays of each category (Fig. S4 ). The total score of all 29 individual assays for each serum, shown in the right bar graph, was derived from the sum of all individual assay scores. For assay performance evaluation, CRS2, CRS3, and CRS4 (C8-C10) were derived. For CRS2, 154 sera with the highest combined score in the 29 assays were considered antibody-positive (red & grey), and 31 sera with the lowest scores were considered antibody-negative (green). CRS3 was derived from CRS2 after exclusion of 59 borderline -positive sera (grey). CRS4 was constructed as peptide assay-based standard from the combined scores of 13 mixed and 12 individual peptide assays (without the 4 commercial ELISAs). The 95 sera with the highest score were considered antibody-positive (red), 40 sera with the lowest scores were considered antibody-negative (green), and 50 weakly-positive sera were excluded.
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www.nature.com/scientificreports www.nature.com/scientificreports/ achieved 87% sensitivity. The combined result of all 8 top-ranked individual peptide antigens achieved 90-71% sensitivity at these 80-98% specificity cutoffs. In contrast, even the top performing Medac ELISA among the commercial Cpn ELISAs achieved only 71-35% sensitivity, and the poorly performing Euroimmun ELISA only 56-12% sensitivity.
Averaging sensitivity data at the 5 specificity cutoffs, Cpn Mix F12 achieved the highest average sensitivity (93%), followed by Cpn Mix K24 and Cpn Mix J20 (Table 4 ). Combining the results of the 8 top-ranked individual peptides achieved 82% average sensitivity (Table 4 ). In contrast, the commercial ELISAs performed significantly lower (56-35% sensitivity) than even the lowest performing peptide assay (P ≤ 0.001, two-tailed Fisher exact test, Table 4 ).
Demographic distribution of anti-C. pneumoniae and anti-C. trachomatis antibodies. To evaluate assay performance and the consequences of different cross-reactivity in sero-epidemiology of human chlamydial infection, we analyzed the demographic distribution of anti-C. pneumoniae and anti-C. trachomatis antibodies in the 185 human sera, determined by both mixed peptide assays or commercial ELISAs (Figs 2, S5 , Table 5 ). To obtain a reliable status of each serum for anti-C. trachomatis and anti-C. pneumoniae antibodies, we used the consensus of 4-6 assays for both peptide assay and commercial ELISA categories as described in Figs 2 and S5. Compared to male donors, female donors had only a 4.9% higher anti-C. pneumoniae antibody frequency in the Cpn mixed peptide assays (P = 0.53, Fisher Exact test), and 7.9% higher in the Cpn commercial ELISAs (P = 0.24). However, females had an 18% higher frequency of anti-C. trachomatis antibodies in the Ctr mixed peptide assays compared to male donors (P = 0.013; Table 5 ), but only 4.5% higher frequency in the Ctr commercial ELISAs (P = 0.55). In both mixed peptide assays as well as commercial ELISAs, Caucasian males had lower 
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Peptide assays & Comm. ELISAs (CRS2 of Fig. 1 ) Commercial IgG ELISAs www.nature.com/scientificreports www.nature.com/scientificreports/ frequencies anti-C. pneumoniae and anti-C. trachomatis antibodies compared to African American and Mixed ethnic origin males (Table 5 ). Overall, the results in Table 5 show that the commercial Ctr ELISAs underestimated anti-C. trachomatis antibody prevalence, particularly in female individuals (Figs 2, S5; 46) . In contrast, the commercial Cpn ELISAs slightly overestimated the prevalence of anti-C. pneumoniae antibodies, but frequently misclassified the anti-C. pneumoniae antibody status (Figs 2, S5, and Table 5 ).
Discussion
In this study, we established simple, yet highly specific and sensitive peptide ELISA methods for detection of anti-C. pneumoniae antibodies. Assays using mixtures of 12-48 strongly reactive C. pneumoniae-specific peptide antigens (Cpn Mix F12, K24, J20, M48, or G12) achieved on average 93-86% sensitivity at 80-98% specificity ( Tables 4, S8 ). This result from a single well is better than the 82% sensitivity obtained by combining the results of the individually tested 8 most reactive peptides (Table 4 ). Highest assay sensitivity is achieved by mixing C. pneumoniae peptide antigens from several strongly immunodominant proteins rather than multiple antigens from the same protein or from weakly immunodominant proteins (Cpn Mix F12 vs B10; Figs 1, S2, S4, Table 4 ). High specificity (non-cross reactivity) of the assays is the direct consequence of using peptide antigens that are highly specific for C. pneumoniae, and not conserved in other Chlamydia spp. (usually ≤ 40% sequence identity; Table 1 ). For most accurate measurement of the anti-C. pneumoniae antibody status, detection of reactivity to multiple B-cell epitopes in the peptide mixtures mimics reactivity with a complex chlamydial antigen, but with a profound specificity and sensitivity advantage ( Tables 4, S8 ). Thus, these assays simultaneously determine anti-C. pneumoniae antibodies produced against a wide-spectrum of C. pneumoniae antigens (Tables 1, S1), including EB outer-membrane structural proteins (OmpA, CrpA, PmpD, Pmp6G/I, Pmp11G/I, Pmp2G/I) as well as inclusion membrane proteins (IncA, IncCT618, IncCT529) and other proteins (YopC, YwbM, PdhC). Importantly, given the severe cross-reactivity problem of current immunoassays (31-40; Table 3 and Fig. 3 ), these assays fill the void of immunoassays for specific detection of anti-C. pneumoniae antibodies. For specific and sensitive detection of anti-C. pneumoniae antibodies, we recommend use of the Cpn Mix F12 peptide antigens that achieved the highest performance (e.g. 91% sensitivity at 95% specificity; Table S8 ). This antigen mixture for single-well ELISA is composed of 12 highly specific and strongly reactive peptide antigens from 8 immunodominant C. pneumoniae proteins.
Cross-reactivity between antigens used in detection of anti-chlamydial antibodies has plagued the field since inception [19] [20] [21] [22] [23] [24] [25] [26] [27] [31] [32] [33] [34] [35] [36] [37] [38] [39] [40] . In agreement with these reports, Cpn EB or OMC antigen-based commercial ELISAs exhibited profound cross-reactivity with other Chlamydia spp. when tested with mono-specific anti-chlamydial mouse sera (Fig. 3) . Similarly, C. trachomatis EB antigen, but not recombinant C. trachomatis-specific OmpA antigen, showed cross-reactivity ( Fig. 3 ). In addition, anti-C. pneumoniae and anti-C. trachomatis antibodies in the 185 human sera are not randomly distributed when detected by commercial ELISAs. Rather, Cpn antibody-positive sera show a highly significant 54% excess Ctr reactivity over Cpn antibody-negative sera (P = 0.005; Table 4 ). In contrast, anti-C. pneumoniae and anti-C. trachomatis antibodies determined by peptide assays are equally distributed (Table 4 ). These results strongly suggest that the increased Ctr-Cpn co-reactivities in commercial ELISAs are due to the high cross-reactivity of the antigens.
In the absence of any reliable standard for anti-C. pneumoniae antibody status, we evaluated the Cpn peptide assays by comparison to three composite reference standards (CRS2, CRS3, and CRS4) derived from 25-29 individual assays in 2-3 assay categories. The advantage of such CRS derived from multiple tests is relatively accurate assignment of antibody-negative status. Selection of reliably anti-C. pneumoniae antibody-negative sera is a critical requirement for assay performance evaluation, given that the ubiquitous nature of human C. pneumoniae infection has exposed virtually any adult person to C. pneumoniae. Results of the 29 individual assays (Figs 1, S4) show that almost all donors have been exposed to C. pneumoniae in their life-time. However, donor sera with low anti-C. pneumoniae reactivity are classified as antibody-negative for CRS2, CRS3, and CRS4 (Figs 1, S4) .
A disadvantage of any CRS is the potential accumulation of false positives if one or more of component tests lack specificity, resulting in poor quality for the positive dataset. To minimize such artifacts, we did not use consensus-based standards CRS2 and CRS3. Rather, we derived CRS2 and CRS3 from the total score of all 29 assays for each serum (Figs 1, S4 ), by consideration of (i) frequency of positive tests, and (ii) reaction strength. Using CRS2 as reference, Cpn mixed and combined individual peptide assays showed higher assay performance than the 4 commercial Cpn IgG ELISAs ( Table 2 ). The performance of all 29 assays improved when they were referenced against the more reliable CRS3, in which borderline reactive sera from CRS2 were excluded (Figs 1, S4) .
Given the high cross-reactivity of commercial Cpn ELISAs with anti-C. trachomatis antibodies, the commercial Cpn IgG ELISAs rendered CRS2 and CRS3 unreliable for anti-C. pneumoniae antibody status. Therefore, results of the 4 commercial Cpn ELISAs were not included in a more reliable reference standard, CRS4, which was derived only from 13 mixed and 12 individual peptide assays. Compared to CRS4, the top-performing mixed peptide assays (Cpn Mix F12, K24, J20) achieved 88-84% sensitivity at 98% specificity. In contrast, the 4 commercial ELISAs achieved only 36-12% sensitivity. Acceptable assay specificity for these commercial Cpn ELISAs and antibody-negative if all component assays were negative (white). Column C1 indicates the consensus of 6 mixed peptide anti-C. pneumoniae antibody assays (Fig. S5) . C2 shows the consensus antibody status of the four commercial anti-Cpn IgG ELISAs, with manufacturer defined cutoffs. The consensus antibody status of Ctr mixed peptide assays at previously described cutoffs 47 is shown in C3, and in C4 the Ctr commercial ELISAs with manufacturer defined cutoffs. In C5, red or green indicates double positive or double-negative sera, respectively, for anti-C. pneumoniae antibodies in Cpn mixed peptide assays as well as Cpn cELISAs. Singlepositive sera in the Cpn mixed peptide assays are shown by pink, and single-positive sera in cELISAs by yellow (C5 www.nature.com/scientificreports www.nature.com/scientificreports/ required a very high OD cutoff to avoid cross-reactivity, while this was not required for the highly specific peptide assay. When the assay cutoff was lowered to 80% specificity, commercial ELISAs achieved 71-56% sensitivities, still 25-40% lower than the 96% sensitivity of Cpn Mix F12 at this cutoff. These results confirm that the severe specificity problem of commercial Cpn ELISAs profoundly compromises sensitivity when the assay cutoff is set for acceptable specificity.
We observed a significantly higher prevalence of IgG antibodies against C. pneumoniae (83% in CRS2; Figs 1, S4) than against C. trachomatis (66% in Ctr peptide consensus; P = 0.0002, Fisher Exact test; Figs 2, S5). However, serum levels of these IgG antibodies were much higher against C. trachomatis, particularly in females, than against C. pneumoniae. In addition, short-lived IgG3 and IgA1&IgA2 antibodies against C. trachomatis were frequently detected, but not against C. pneumoniae (Figs 2, S5 ). Such dominance of short-lived antibody isotypes, indicative of recent C. trachomatis infection, is a reflection of the endemic and frequent C. trachomatis infections in the young and sexually active blood donor demographic (mean 22 year-old, range 18-38 years). In contrast, the dominance of highly prevalent, but low level long-lived anti-C. pneumoniae IgG antibodies suggests infrequent epidemic spread of C. pneumoniae infection at low-level endemic maintenance.
Ctr peptide assays, but not Cpn peptide assays, correlated with the Chlamydia LPS ELISA (Table S6) . Given that anti-chlamydial LPS antibodies usually indicate recent chlamydial infection 47 , these results suggest that the Chlamydia LPS ELISA detected anti-LPS antibodies that had been elicited mainly by C. trachomatis, but not by C. pneumoniae. In contrast, both commercial Ctr and Cpn ELISAs correlated highly significantly with the Chlamydia Cab Naïve Cps
Cca Cfe  Cav  Cga  Cpe  Cpn  Cmu  Csu  Ctr  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  1  2  3  4  5  6  7  8  9  10  11  12  13  14  15 0.6 Figure 3 . Reactivities of C. pneumoniae and C. trachomatis commercial ELISA antigens with anti-Chlamydia species-specific mouse sera. The anti-human IgG conjugates of the ELISA kits were substituted by an antimouse IgG conjugate. Reactivities of C. pneumoniae and C. trachomatis commercial ELISA antigens with homologous antisera that are consistent with expected reactivities are shown by green bars, and crossreactivities with non-homologous antisera are shown by blue or red bars. Assay backgrounds determined with naïve sera are shown by black bars. Mice were immunized against each of 11 Chlamydia spp. 41, 45 , and used as individual or pools of individual sera against a single Chlamydia spp. Cab indicates a serum pool raised against C. abortus; Cps, C. psittaci; Cca, C. caviae; Cfe, C. felis; Cav, C. avium; Cga, C. gallinacea; Cpe, C. pecorum; Cpn, C. pneumoniae; Cmu, C. muridarum; Csu, C. suis; and Ctr, C. trachomatis. LPS ELISA (Table S6 ). We attribute this Cpn positivity concomitant with LPS positivity to cross-reactivity of commercial Cpn ELISAs that detected not only anti-C. pneumoniae antibodies, but also anti-C. trachomatis antibodies (Fig. 3) . We observed for commercial Cpn ELISAs frequent, mainly false-positive misclassification of anti-C. pneumoniae antibody status (Figs 2, S5 ). We attribute this problem to the high cross-reactivity of the complex antigens that are used in commercial Cpn ELISAs. Conversely, we observed many false-negatives for commercial Ctr ELISAs (Figs 2, S5 ). In the case of OmpA antigen-based Ctr ELISAs, we attribute this to the inherently low-sensitivity of single-epitope ELISAs 46 , because such ELISAs fail to detect antibodies produced against non-OmpA proteins such as Pmps or Incs. In the case of EB-based complex antigens, we attribute the false-negatives to cross-reactivity that forces a high assay cutoff, resulting in low sensitivity. As overall consequence, in our test population of sexually active young adults the performance characteristics of commercial chlamydial ELISAs result in slightly overestimated C. pneumoniae prevalence due to false-positive misclassifications, and severely underestimated C. trachomatis prevalence due to frequent false-negatives (Table 5 ). More broadly, antibody ELISAs using complex antigens of any Chlamydia spp. will be relatively specific for the endemic chlamydial species in a given host (i.e. C. trachomatis in sexually active humans). In turn, the high frequency of antibodies against the most prevalent chlamydial species will strongly compromise antibody detection against low-prevalence Chlamydia spp. infection (e.g., C. pneumoniae or C. psittaci).
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Sera Antigens
In terms of antigen specificity of anti-chlamydial antibodies, we observed an immunodominance of reticulate body antigens (IncA) for C. pneumoniae, in contrast to the immundominance of elementary body antigens (OmpA) for C. trachomatis 46 . This may explain the low sensitivity and cross-reactivity of the EB-based MIF assay for C. pneumoniae compared to C. trachomatis 19, 20, 32 . Thus, inherent C. pneumoniae antigenic properties (immunodominance of IncA over OmpA, cross-reactivity of complex Cpn antigens) may have prevented accurate C. pneumoniae serology. Hence, identification of 48 highly reactive peptide antigens from 12 immunodominant C. pneumoniae proteins is an important discovery that will enable specific detection of anti-C. pneumoniae antibodies, particularly when used in highly parallel multi-antigen microarray format [52] [53] [54] .
With this study, we conclude a series of investigations to establish robust peptide ELISA methodology for Chlamydia species-specific human serology. After defining sets of highly, but specifically reactive peptide antigens 41, 45 , we have validated assays using individual and mixed peptides for detection of antibodies against both C. pneumoniae and C. trachomatis 46, 47 . With the use of fully synthetic peptide antigens in simple ELISA formats, these serological assays will now be within reach of any laboratory. Compared to commercially available Cpn and Ctr ELISAs, these peptide assays can provide vastly improved assay sensitivity with unprecedented specificity for simultaneous detection and differentiation of anti-C. pneumoniae and anti-C. trachomatis antibodies, and thus improved serodiagnosis of human Chlamydia spp. infections.
Materials and Methods
C. pneumoniae-specific peptide antigens. Suitable B cell epitope regions for identification of C. pneumoniae species-specific peptide antigens had been identified before within polymorphic regions in Chlamydia spp. protein alignments 41, 45 . These were further subjected to in silico B cell epitope identification 42, 43 , and a total of 176 C. pneumoniae species-specific peptide antigens of 20 immunodominant proteins were selected for screening that were highly divergent from other Chlamydia spp., but conserved within C. pneumoniae 41, 45 . Peptide antigens were chemically synthesized with N-terminal biotin followed by a serine-glycine-serine-glycine spacer 41 . Table 4 . Sensitivity of anti-C. pneumoniae IgG detection in comparison to peptide composite reference standard CRS4 a . a CRS4 was the categorical reference in these ROC curve analyses (Figs 1, S4 ). CRS4 was derived from the 13 mixed and 12 individual peptide assays (without the 4 Cpn commercial ELISAs). A total of 95 sera with the highest combined score in these 25 peptide assays was considered positive, the 40 sera with the lowest score were considered negative (135 sera in total), and the remaining 50 weakly positive borderline sera were excluded in these analyses. b The average assay sensitivity was calculated from the mean of 5 sensitivities obtained for 98%, 95%, 90%, 85% and 80% specificities (Table S8 ). c AUC, area under the ROC curve. d Derived by averaging seven OD values of 8 separate single peptide assays (8 top-ranked Cpn peptides; Table 2 ).
Selection of 48 C. pneumoniae-specific peptide antigens. Out of the 176 tested C.
pneumoniae-specific predicted B-cell epitopes, a total of 48 peptide antigens from 12 immunodominant proteins of C. pneumoniae were initially selected based on reactivity rank with human serum pools (Table 1) . Importantly, the sequences of these C. pneumoniae peptides are highly evolutionarily divergent from C. trachomatis (<45% sequence identity; Table 1 ) and have only a marginal probability (~0.02) of cross-reactivity with antibodies raised against non-C. pneumoniae Chlamydia spp. 41, 43 . In addition, the sequences of these C. pneumoniae peptide antigens are highly conserved within C. pneumoniae strains (80-100% sequence identity). Previously, we have determined that identities of 45%, 60%, 75%, and 90% between two peptides translate into 0.02, 0.12, 0.46, and 0.84, respectively, probabilities of antibody cross-reactivity between these peptides 41, 43 . Sequences with identities below 40% typically cannot be aligned correctly and the probability of cross-reactivity is less than 1% 41,43 . chemiluminescent and colorimetric eLiSAs with C. pneumoniae peptide antigens. Primary human and mouse antibodies were detected with horseradish peroxidase-conjugated secondary antibodies in ELISAs as described before [41] [42] [43] [44] [45] [46] [47] . Polyclonal rabbit anti-mouse or anti-human IgG-h + l cross-adsorbed Cohort (n) Ethnicity (n) composite reference standards (cRS) for anti-C. pneumoniae antibody status. In the absence of any reliable standard for anti-C. pneumoniae antibody status, for assay cutoff selection we used CRS1 derived from 29 individual assays (13 mixed and 12 individual Cpn peptide antigen assays, and 4 commercial C. pneumoniae ELISAs ; Figs 1, S4 ). For chemiluminescence peptide ELISAs, inter-assay coefficient of variation (CV) was approximately ~13%, and intra-assay CV ~9%. For colorimetric peptide ELISAs, inter-assay CV was ~6% and intra-assay CV ~4%. Background-corrected signals (RLU-CV or OD -CV) were used for mixed and individual peptide antigen assays 47 , but OD data for standard ELISAs were processed as described by the manufacturers. The mean OD value of each individual test for the 185 sera was adjusted to the mean OD value of all 29 individual tests. In each assay category, a total of 95 sera was considered antibody-positive based on reactivity rank determined by the sum of the squared OD values of the constituent assays in each category. These 95/185 positive sera matched the average 51.4% anti-C. pneumoniae antibody prevalence determined by the 4 commercial ELISAs. CRS1 was derived as the consensus of the 3 equally weighted assay categories (Figs 1, S4 ). For assay performance evaluation, we used 3 additional composite reference standards (CRS2, CRS3, and CRS4). CRS2 was derived from reactivity scores in all 29 individual assays. Relative to CRS1, an 80.5% specificity cutoff for each assay was chosen for determination of anti-C. pneumoniae positive and negative sera (Figs 1, S4 ). Depending on reactivity strength, positive sera were scored from +4, +3, +2, to +1, and negative sera were scored 0. The total score of all 29 individual assays for each serum, shown in the right bar graph in Figs 1 and S4, was derived from the sum of all individual assay scores. For CRS2, a total of 154 sera with the highest combined score in the 29 assays was considered antibody-positive, and 31 sera with the lowest scores were considered antibody-negative. CRS3 was derived from CRS2 after exclusion of 59 weakly-positive borderline sera. CRS4 was derived solely from reactivities in all peptide assays without the 4 commercial ELISAs. The 95 sera with the highest score were considered antibody-positive, 40 sera with the lowest scores were considered antibody-negative, and 50 weakly-positive sera were excluded. consensus of anti-C. pneumoniae or anti-C. trachomatis antibody status. For determination of the distribution bias of anti-C. trachomatis antibodies in dependence of anti-C. pneumoniae antibodies in the sera, most reliable consensus antibody status in Cpn and Ctr peptide assays and commercial ELISAs were determined. Any serum that was positive in any component assay of a consensus category was considered antibody-positive, and antibody-negative if all component assays were negative (Figs 2, S5) . The component assays for these 4 consensus are as follows (Figs 2, S5): (i) 6 Cpn mixed peptide assays with the 4 top-performing Cpn mixes (IgG reactivities of Cpn Mix F12, K24, J20, G12, and IgG3 and IgA reactivities of J20; Table 3 ); (ii) 4 Cpn commercial IgG ELISAs; (iii) 6 Ctr mixed peptide assays with 2 top-performing Ctr mixes previously reported (IgG, IgG3, and IgA reactivities of CtrMix1 and Ctr Mix2; 47); and (iv) 4 Ctr commercial IgG ELISAs 46 .
Statistical analyses and receiver operating characteristic (Roc) curves for assay performance.
Statistical analyses were performed and graphical outputs generated by the software packages Microsoft Excel 2016 (Microsoft Corporation, Redmond, Washington) or Statistica 7.1 (Statsoft, Tulsa, Oklahoma, USA). ROC curves (Tables 2, 4 and S8) were plotted and area under the curve (AUC) determined as described before 46, 47, 55 . Sensitivities at 98%, 95%, 90%, 85%, and 80% specificities were calculated from ROC curves. Antibody detection frequencies were compared by two-tailed Fisher exact test.
